Assessing the spatial variability of soil water content is important for precision agriculture. To measure the spatial variability of the soil water content and to determine the optimal number of sampling sites for predicting the mean soil water content at different stages of the irrigation cycle, field experiments were carried out in a potato field in northwestern China. The soil water content was measured in 2016 and 2017 at depths of 0-20 and 20-40 cm at 116 georeferenced locations.
INTRODUCTION
Potatoes (Solanum tuberosum L.) are considered to be the fourth most abundant food crop in China, after rice, maize, and wheat. A total of 5,815,140 ha of farmland, mostly located in the arid northwestern region of China, were used in 2016 to cultivate potatoes with an average yield of 17.04 t/ha (FAOSTAT ). The scarcity of water resources in this region requires new strategies for the use of irrigation water to improve the efficiency of water use. Precision irrigation appears to be a promising way to maintain productivity while using smaller volumes of water (Longchamps et al. ) . Firstly, it is necessary to determine the spatial distribution of soil water content via measurements performed using a rational sample size in the field.
There have been many studies on the spatial variability of soil water content in the field, which is an important criterion for the precision management of agricultural water. Starr () reported the spatiotemporal variability of soil water content at a commercial potato farm in the United States, and the results showed that a temporal stability model explained 47% of the observed variations in soil water content. Satchithanantham et al. () studied the effect of shallow groundwater on the spatial distribution of soil water content within the potato root zone in Canada and found that more than 92% of the crop water demand was met by capillary rise from the shallow groundwater table in a fine sandy loam. López-Vicente et al. () identified the spatial patterns of topsoil water content and their temporal stability in a Mediterranean fallow rainfed cereal field and showed that neither the spatial patterns of topsoil water content nor those of changes in its value were stable in the short term. Usowicz & Lipiec () examined spatial variability of soil properties and cereal yield on sandy soil and found that the spatial dependency of soil water content was strong.
The different soil sampling strategies used for determining soil water content influence estimates of daily and cumulative evapotranspiration (Bertuzzi et al. ) . Moreover, a strategy for sampling soil where the sample size is small is needed to accurately calculate the properties of soil in farmland for precision agriculture. Kerry & Oliver () sampled soil at four field sites in the United Kingdom, and the results suggest that sampling should follow a structured approach for mapping soil in precision agriculture. Wang et al. () found that the root mean square error can be used to determine the number of sampling points for measuring the properties of soil on the field scale, and the rational number of sampling sites for a field study is 40. The rational number of sampling sites for measuring the properties of soil was determined by geostatistical analysis at different sampling points (Delhomme ; Souza et al. in different sampling areas in a wheat field and found that the rational number of sampling sites selected randomly from 100 observations was greater than 48 with a relative error of 5% and a confidence level of 99%. Miller et al.
() showed that the reasonable number of sampling points were 80 and 28 to estimate the soil carbon at mesoscale and macro-scale, respectively.
Under conditions in which farmland is irrigated, irrigation is one of the most important factors that affect variations in soil water content in farmland. However, studies of the spatial variability of soil water content and sampling strategies used for predicting the mean soil moisture in a potato field under conditions of sprinkler irrigation have been insufficient. Therefore, the objects of this study were (1) to assess the spatial variability of soil water content before and after spray irrigation, and (2) to develop a sampling strategy for predicting mean soil moisture at different stages under conditions of spray irrigation.
MATERIALS AND METHODS

Site description and data collection
The experiment was performed in a potato field with an area of 28.26 ha in Yulin, Shaanxi Province (38 09 0 06.11″ N, 109 00 0 23.73″ E, altitude 1,183 m) in 2016 and 2017.
This region, which is located in a temperate semiarid climatic zone with a mean annual temperature of 6.0-8.5 C, is characterized by the topographical features of loess hill ravines. Water is in severe shortage in this region, with an average groundwater table depth of greater than 4 m and a mean annual pan evaporation of more than 2,000 mm.
The mean annual precipitation is approximately 345 mm, of which 60-75% falls from July to September. The land is desert with a covering of sandy loam with a thickness of 8 cm on the surface, and the soil is well mixed from a depth of 0-40 cm. The soil particle composition is listed in Table 1 .
The potato cultivar used in both years of the experiment was Shepody, which was planted from May to September at spacings of 80 cm between rows oriented south-north and 20 cm between plants. More than 90% of the fine roots of the potato plants (diameter of <2 mm) were mainly distributed in the soil layer at a depth of 5-40 cm. A center pivot irrigation system with a large sprinkler was employed. The irrigation amount was 11 mm for each irrigation event, and the total irrigation amount was 429 mm and 473 mm during the entire growing period in 2016 and 2017, respectively. The detailed irrigation schedules are shown in Table 2 .
The experimental site was a circular area with a radius of 300 m with its center at the sprinkler base. A total of 96 regularly spaced sampling points with a spacing of 25 m were located along four diameters of the site, with the exception of the center of the circle; in addition, 20 sampling points were located at random positions in the experimental area. As a result, there was a total of 116 sampling points, as shown in Figure 1 . The volumetric soil water content was measured at each sampling location at depths of 0-20 and 20-40 cm during the growing season using a time domain reflectometer sensor (Xi'an Bi Shui RV1, China), and the measured values of the volumetric soil water content were calibrated by a gravimetric method during the experimental period of each year.
Data analysis
In accordance with the respective measurement times during an irrigation event, the soil water contents were divided into two stages, namely, 1 day before irrigation (BI) and 1 day after irrigation (AI). The coefficient of variation (CV) was used to describe the overall variation in soil water content, as well as soil properties within the experimental field. For CV 10%, heterogeneity was considered to be weak, 10% < CV < 100% was considered as moderate heterogeneity, and CV !100% was considered as strong heterogeneity (Warrick & Nielsen ) .
The spatial distribution of the soil water content at these different stages was described by fitting the sample semivariogram with three commonly used empirical models, namely, spherical, exponential, and Gaussian models. The sample semivariogram was calculated by Equation (1): Correlogram analysis was employed to examine the autocorrelation of soil water contents between sampling points. Correlograms were calculated using GS þ 9.0 software (GS þ 9.0, Gamma Design Software, USA) (Robertson ) with the following equations:
where ρ(h) is the correlation for interval distance class h;
σ þh is the standard deviation of all head values (Z l ) for lag 
where n ¼ 100; θ i is the calculated mean soil water content from random realization, and b θ i is the real value of mean soil water content.
RESULTS AND DISCUSSION
Descriptive statistics of soil water content
The descriptive statistics of the volumetric soil water content on different dates in different periods of the irrigation cycle at soil depths of 0-20 and 20-40 cm in 2016 and 2017 are shown in Table 3 . The lowest mean soil water content was 4.55% at a depth of 0-20 cm at the BI stage, and the highest mean soil water content was 20.86% at a depth of 20-40 cm at the AI stage. The soil water content in the experimental field was relatively low with average values of 8.71% and 12.93% at the BI and AI stages, respectively, because there was a lot of sand in the soil (Table 1) whereas the slope of the trend line between the CV and soil water content at the BI stage was greater than that at the AI stage (Figure 2(a) ), which indicated that when the soil water content was relatively low the level of spatial heterogeneity of the soil water content tended to be greater.
This result was similar to those reported by previous studies 
Geostatistical analysis
The sample semivariograms and the results of fitting using the spherical model, and the parameters of the fitting model used for the standardized soil water content at the early (BI) and late (AI) stages of the irrigation cycle at different soil depths are shown in Figure 3 and Table 4, respectively. The range varied from 107 to 135 m and from 71 to 74 m for the BI and AI stages, respectively, which indicated that the correlation length of the soil water content was greater for drier soil than for wetter soil. Similar results have been reported for the Da Nangou catchment in China, which is located on a loess plateau without irrigation (Wang Corrected Proof autocorrelation of soil water contents, which could contribute to a larger range at the AI stage.
The degree of spatial dependence (DSD), which is defined as the ratio of the nugget value to the sill value in a semivariogram model, reflects the extent of spatial autocorrelation. If the DSD is less than 25%, a variable has strong spatial dependence; if the DSD is between 25% and 75%, it has moderate spatial dependence, whereas it has weak spatial dependence if the DSD is greater than 75% (Cambardella et al. ) . At a depth of 0-20 cm the soil water content had moderate spatial dependence with a DSD of 34.1% at the BI stage but had weak spatial dependence with a DSD of 80.4% at the AI stage, which indicated that in the surface soil layer a majority of the variation (about 65%) in the soil water content was spatially structured at the BI stage, whereas only about 20% of the variation was spatially structured at the AI stage. However, at a depth of 20-40 cm the soil water content at both the BI stage and the AI stage had moderate spatial dependence with a DSD of 67.6% and 59.8%, respectively, which indicated that in the soil layer at a depth of 20-40 cm a relatively large proportion of the variation (about 37%) in the soil water content was spatially structured at the BI stage. Overall, the spatial distribution of the soil water content at a soil depth of 0-20 cm was changed by spray irrigation, which was perhaps because of the effect of the structure of the potato canopy on the uniformity of the surface soil water content during spray irrigation. However, at a soil depth of 20-40 cm the spatial distribution of the soil water content was not influenced by spray irrigation owing to the redistribution of soil water during the infiltration of water from the surface to the subsurface layer.
Spatial distribution of soil water content at BI and AI stages Figure 4 shows the spatial distributions of the soil water content at the BI and AI stages at different soil depths.
Each map was plotted on the same scale with the same contour intervals to allow easier comparisons. The soil water content at soil depths of both 0-20 cm and 20-40 cm at the AI stage was larger than that at the BI stage owing to irrigation. The soil water content at a soil depth of 0-20 cm at the BI stage and at a soil depth of 20-40 cm at the AI stage changed gradually in space in the researched region, but soil water content as a fraction of area changed suddenly at a soil depth of 0-20 cm at the AI stage and at a soil depth of 20-40 cm at the BI stage, which indicated that at a depth of 0-20 cm the spatial variability of the soil water content was higher at the AI stage than at the BI stage but at a depth of 20-40 cm it was lower at the AI stage than at the BI stage. These results agreed with the results of geostatistical analysis shown in Table 4 .
Analysis of correlograms
The empirical correlograms for the mean soil water content at the BI and AI stages at different soil depths are shown in Figure 5 . All the correlograms for the soil water content at different stages at different soil depths exhibited a linear decay followed by minor fluctuations about zero, which indicated that the autocorrelation of soil water contents was similar during the irrigation cycle. At a soil depth of 0-20 cm, the autocorrelation distance of the soil water content was about 70 m at the AI stage and about 140 m at the BI stage, which revealed that the spatial variability of the soil water content increased at the AI stage as a result of irrigation, which was the same result as that described above (Table 4) . At a soil depth of 20-40 cm, the autocorrelation distance of the soil water content was about 60 m at both the AI stage and the BI stage, which indicated that the spatial variability of the soil water content at a soil depth of 20-40 cm remained constant owing to the redistributive effect of the surface soil on the infiltration of water. Over the soil depth range of 0-40 cm, the autocorrelation distance of the soil water content was about 70 m at both the AI stage and the BI stage. Random sampling strategy for predicting mean soil moisture content
The performances of the random sampling strategy in predicting mean soil water content before and after irrigation are shown in Figure 6 . When the number of points increased from 5 to 100, the MAE decreased from 0.74 to 0.06 m 3 /m 3 and from 0.62 to 0.06 m 3 /m 3 at AI and BI stages, respectively, indicating that the predicted mean soil water content at both AI and BI stages was more accurate with a greater number of sampling points. However, the predicted mean soil water content had a relatively smaller error at the BI stage than that at the AI stage when the same number of sampling points was selected, mainly because the spatial variability of soil water content at 0-40 cm depth was larger at AI than that at BI (Figure 3) . When the number of points was less than 20, the standard deviation of soil water content at both AI and BI stages was relatively large, indicating that these sampling points were poorly representative due to the much lower number of sampling points. When the number of points was more than 40, the standard deviation of soil water content at AI stage was smaller than that at BI stage, indicating that the spatial distribution of soil water content at the BI stage was more homogeneous than that at the AI stage.
When the number of sampling points was less than 20, the RMSE of soil water content at AI stage was larger than that at BI stage, but when the number of sampling points was more than 40, the RMSE of soil water content at AI stage was smaller than that at BI stage ( Figure 6(b) ) due to the larger standard deviation with a greater number of sampling points at BI stage (Figure 6(a) ). When the number of sampling points increases from 5 to 100, the probability of the real value of mean soil water content increased at both AI and BI stages, and the maximum of probability with errors of 0% and 1% was about 11% and 85%, respectively. For the researched area at both AI and BI stages, the probability of obtaining the mean soil water content with errors of 5 and 10% with a random sampling number of more than 40 and 20, respectively, was about 100%, so this sampling strategy might result in an error of less than 1.6 cm 3 /cm 3 where the range of mean soil water content is from 7.32 to 15.85 cm 3 /cm 3 (Table 3) , and this magnitude of error is acceptable in decision-making irrigation. Therefore, 40
and 20 random sampling sites should be chosen for predicting the mean soil water content with errors of 5% and 10%, respectively. Additionally, this result can be applied to other center pivot irrigation systems in this region with similar irrigated area, soil property and climate, and this method of determining the random sampling number can also be used for other field scale sites.
CONCLUSIONS
Field experiments were conducted to measure the soil water content at different stages of the irrigation cycle. The changes in soil water content with time during the irrigation cycle were relatively substantial, but the level of spatial heterogeneity of the soil water content was relatively stable.
When the soil water content was relatively low, the level of spatial heterogeneity of the soil water content tended to be higher. The nugget/sill ratios in a fitted semivariogram model indicated that the soil water content had moderate spatial dependence at the BI stage but weak spatial dependence at the AI stage. At a soil depth of 0-20 cm, the autocorrelation distance of the soil water content was about 70 m at the AI stage and about 140 m at the BI stage, but at a soil depth of 20-40 cm the autocorrelation distance was about 60 m at both the AI stage and the BI stage.
The predicted mean soil water content had a relatively smaller error at the BI stage than that at the AI stage when the same number of sampling points was selected. Corrected Proof
